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The PBj14 isolate of simian immunodeficiency virus, SIVsmmPBj14 , induces an acutely lethal disease in experimentally inoculated
pigtailed macaques, that is characterized by severe enteropathy and extensive immune activation, particularly within gut-
associated lymphoid tissue (GALT). Experiments were conducted to determine whether virally induced immune activation
might promote the induction of apoptosis in GALT during acute SIVsmmPBj14 infection. In situ labeling studies revealed a
significant increase in the number of apoptotic cells within GALT from macaques with acute SIVsmmPBj14 infection, compared
to (i) other tissues from the same animals, (ii) GALT from virus-negative animals, or (iii) GALT from macaques that were
sacrificed soon after infection with SIVmac239 , which does not cause acutely lethal enteropathy. These findings were confirmed
by biochemical assays of DNA fragmentation, using DNA laddering and ELISA techniques. Immunostaining experiments
revealed a strong positive correlation between the extent of apoptosis and the degree of immune activation, as assessed
either by the number of cells which contained nuclear (activated) RelA, or by the number of cells immunoreactive for CD25,
a T-cell activation marker. Additional analyses of SIV antigen expression revealed that the majority of the apoptotic cells were
not productively infected by SIV (i.e., that they were bystander cells). Taken together, these findings support the hypothesis
that SIVsmmPBj14 efficiently induces immune activation and that this results in extensive apoptosis within gut-associated lymphoid
tissue during acute viral infection. q 1996 Academic Press, Inc.
INTRODUCTION vorst et al., 1995; Mellors et al., 1995; Papaevangelou et
al., 1996). Similarly, the extent of in vivo replication of SIV
Experimental infection of macaques with simian immu- is correlated with disease induction in experimentally
nodeficiency virus (SIVsmm/mac) results in the induction of inoculated macaques (Baba et al., 1995; Hirsch et al.,
an AIDS-like disease that is characterized by wasting, 1995; Kestler et al., 1991). Thus, the study of acute SIV
diarrhea, CD4/ lymphocyte depletion, opportunistic in- infection may shed important light on the pathogenesis
fections, central nervous system degeneration, and death of subsequent disease.
within 5 to 18 months postinfection (Desrosiers 1990; One strain of SIV, SIVsmmPBj14 , induces a particularly
Letvin and King, 1990). As is the case for human immuno- severe acute infection in experimentally inoculated pig-
deficiency virus type-1 (HIV-1) infection of humans, pro- tailed (Macaca nemestrina) and cynomolgus (Macaca
gressive immunodeficiency disease is often preceded by fascicularis) macaques that in most cases culminates in
an acute viral syndrome that occurs within the first 2 death 7 to 10 days postinoculation (Fultz and Zack, 1994;
weeks of infection. This acute-phase of HIV-1 and SIV Fultz et al., 1989; Israel et al., 1993; Lewis et al., 1992).
infection is marked by flu-like symptoms, diarrhea, The acute syndrome associated with SIVsmmPBj14 is char-
lymphadenopathy, fever, and malaise and is accompa- acterized by symptoms that are similar to an exaggerated
nied by viremia and by widespread viral dissemination form of acute HIV-1 infection, including anorexia and pro-
(Clark et al., 1991; Cooper et al., 1985; Daar et al., 1991; fuse bloody diarrhea, and it is associated with high se-
Henrard et al., 1995; Lackner et al., 1994; Reimann et al., rum levels of the proinflammatory cytokines tumor necro-
1994). Recent data indicate that the extent of initial HIV- sis factor alpha (TNF-a) and interleukin-6 (IL-6) (Birx et
1 replication, and the severity of the acute-phase of infec- al., 1993; Schweibert and Fultz, 1994). Pathologic features
tion, correlate strongly with subsequent disease progres- of this infection include extensive immune activation,
sion (Cossarizza et al., 1995; De Rossi et al., 1996; Hoger- with T-cell hyperplasia and high levels of viral replication
in gut-associated lymphoid tissue (GALT), as well as ex-
tensive damage to the mucosa of gastrointestinal (GI)1 To whom correspondence and reprint requests should be ad-
tract (Fultz and Zack, 1994; Gummuluru et al., 1996).dressed. Fax: (716) 473-2361. E-Mail: DWRT@BPHVAX.BIOPHYSICS.
ROCHESTER.EDU. These findings may be related at least in part to the ability
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TABLE 1of SIVsmmPBj14 to trigger the activation and replication of
quiescent macaque peripheral blood mononuclear cells Tissue Donors
(PBMC) in vitro (Fultz, 1991), particularly since this prop-
Days toerty represents the most reliable in vitro correlate for the
Animal Age Viral death Tissuesability of molecular clones of SIVsmmPBj14 to induce acutely
identifier Species (years) clone (sacrifice) examinedlethal disease in vivo (Dewhurst et al., 1990; Novembre
et al., 1993). YN91-111 Pigtail 5 PBj6.6a 6 PP, PLN, SPL
Immune activation has been proposed to be an im- YN91-112 Pigtail 6 PBj6.6a 6 PP, SPL
YN91-113 Pigtail 6 PBj14.6a 6 PP, PLN, SPLportant factor in the progression of immunodeficiency
YN95-99 Pigtail 5.5 PBj6.6a 5 PP, PLNdisease (Mahalingam et al., 1993), both through its ef-
YN95-100 Pigtail 2.75 PBj6.6a 6 PPfects on virus replication (Bukrinsky et al., 1993; Nabel
YN95-101 Pigtail 2.5 PBj6.6a 6 PP, PLN
and Baltimore, 1987; Zack et al., 1990; Weissman et al., YN95-103 Pigtail 3 PBj6.6a 6 PP, PLN
1996) and also through the process of activation-induced YN88-262 Pitgail 9 None n/a PP, PLN
YN88-270 Pigtail 5 None n/a PP, PLNT-cell death. In vitro studies have shown that PBMC from
YN95-15 Pigtail 8 None n/a PP, PLN, SPLHIV-1-infected humans, or SIV-infected macaques, un-
YN96-170 Pigtail 5 None n/a PP, PLN, SPLdergo apoptosis upon mitogenic stimulation (Banda et
YN96-171 Pigtail 5 None n/a PP, PLN, SPL
al., 1992; Estaquier et al., 1994; Groux et al., 1992; H316 Rhesus 3– 4 MAC239 (6) PP, PLN, SPL
Meyaard et al., 1992; Terai et al., 1991); this can be RQ950 Rhesus 3– 4 MAC239 (12) PP, PLN, SPL
H341 Rhesus 3– 4 MAC239 (18) PP, PLN, SPLblocked by immunosuppressant drugs such as FK506
RQ1017 Rhesus 3– 4 MAC239 (28) PP, PLN, SPLand dexamethasone (Lu et al., 1995; Sekigawa et al.,
890250 Rhesus 6– 8 None n/a PP, PLN, SPL1994). In addition, direct analysis of lymphoid tissues
890254 Rhesus 5 None n/a PP, PLN, SPL
from HIV-1-infected persons, and from control subjects, 4GN Rhesus 6– 8 None n/a PP, PLN, SPL
has shown that the extent of apoptosis is increased in
Note. PP, Peyer’s patch; PLN, peripheral lymph node; SPL, Spleen.lymph nodes from HIV-positive individuals, and that
a Acutely pathogenic molecular clones of SIVsmmPBj14 used (Novembreapoptosis occurs principally in ‘‘bystander’’ cells, which
et al., 1993).do not express viral antigens (Bofill et al., 1995; Finkel
et al., 1995; Muro-Cacho et al., 1995). However, the role
of apoptosis in acute HIV or SIV infection has not been lymphoid tissues correlated well with two independent
examined to date. markers for immune activation—the number of cells ex-
In the present study, the occurrence of apoptosis was pressing CD25 (IL-2Ra) and the number of cells which
investigated in sections from the gastrointestinal mucosa contained nuclear (activated) RelA (Baeuerle and Henkel,
and lymph nodes of macaques with acute SIVsmmPBj14- 1994). Finally, analysis of SIV antigen expression within
infection, and the degree of apoptosis was compared to this set of tissue specimens revealed that apoptosis oc-
that observed in matched tissues from uninfected ani- curred predominantly in SIV antigen-negative ‘‘bystander’’
mals or from animals that were sacrificed soon after cells. These findings suggest that virally induced immune
infection with the nonacutely lethal and much less en- activation may contribute to the induction of apoptosis in
teropathic virus strain, SIVmac239 (Lackner et al., 1994). gut-associated lymphoid tissue during acute SIVsmmPBj14Three independent assay methods were used to detect infection.
and quantify the extent of apoptosis within these tissues,
including biochemical analyses of DNA fragmentation
MATERIALS AND METHODS(agarose gel electrophoresis, ELISA techniques) as well
as in situ labeling of apoptotic nuclei using the TUNEL Tissues
staining method (terminal deoxynucleotidyl transferase
end-labeling). The extent of apoptosis in lymphoid re- Tissue specimens were obtained at necropsy from 5
SIV-seronegative pigtailed macaques and from 7 SIV-gions of the intestinal mucosa (Peyer’s patches) from
macaques with acute SIVsmmPBj14-infection was found to infected pigtailed macaques that had died following
acute infection with molecular clones of SIVsmmPBj14 (Ta-be significantly elevated, as compared to other tissues
from the same animals, or to intestinal tissues from either ble 1). Samples from 7 rhesus macaques were also ana-
lyzed, including four animals that were sacrificed at acuteuninfected macaques or from SIVmac239-infected ma-
caques. In addition, the relationship between immune time points following infection with SIVmac239 , and three
SIV-seronegative animals (Table 1).activation and apoptosis was investigated by immuno-
staining of serial subadjacent tissue sections either with Tissues were either frozen immediately at 0807 (in
some cases) or fixed in 10% neutral buffered formalin anda specific polyclonal antiserum directed against a T-cell
activation marker (CD25) or with a RelA-specific antise- embedded in paraffin. Tissues were then sectioned to 5
mM thickness onto Vectabond (Vector Labs)-coated slidesrum (Rice and Ernst, 1993). These experiments revealed
that the overall extent of apoptosis within gut-associated and reacted with hematoxylin and eosin for morphologic
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evaluation and histologic classification; consecutive sec- aliquots were then analyzed in quadruplicate by the
quantitative sandwich ELISA technique, under conditionstions were used for immunostaining (see below).
recommended by the manufacturer. Exponentially grow-
ing SK-N-MC cells subjected to UV-irradiation were usedApoptosis assays and TUNEL immunostaining
as a positive control for apoptosis (Talley et al., 1995),
while untreated cells served as negative controls.The ApopTag peroxidase assay kit (ONCOR, Gaithers-
burg, MD) was used to detect free 3*-OH ends of newly
cleaved DNA in situ. This kit relies on the TUNEL (termi- Immunohistochemistry
nal deoxynucleotidyltransferase end labeling) methodol-
ogy (Gavrieli et al., 1992) and was employed as described T cells and monocytes/macrophages in the formalin-
fixed paraffin-embedded tissues were identified using apreviously, using diaminobenzidine (DAB) to visualize
positively stained nuclei (Gelbard et al., 1995). To verify polyclonal antibody directed against the pan T-cell
marker, CD3 (Cat No. A0542; DAKO Corp., Carpenteria,the specificity of TUNEL staining, negative control reac-
tions were conducted using Peyer’s patch specimens CA) and the monoclonal antibody HAM-56 (Cat. No.
M0632; DAKO), respectively. Detection of cellular mark-from SIVsmmPBj14-infected animals, which were reacted
with TUNEL reagents in the absence of the enzyme termi- ers of immune activation was acheived using two meth-
ods. First, CD25 expressing cells were identified usingnal deoxynucleotidyl transferase. Positive control TUNEL
reactions were conducted using Peyer’s patch speci- a rabbit polyclonal antisera directed against the epitope
corresponding to amino acids 253 – 372, mapping at themens from SIV-negative animals, which were digested
with DNaseI (to extensively fragment nuclear DNA), prior carboxy terminus of human IL-2Ra (anti-CD25; Cat. No.
sc-664, Santa Cruz Biotech., Santa Cruz, CA). This anti-to reaction with TUNEL reagents. Digitized images of
ApopTag-stained sections in ⁄8 401 microscopic fields body is reactive with murine, rat, and human IL-2Ra, and
its reactivity with monkey tissues was verified by the usewere then analyzed for numbers of positively nuclei, us-
ing a densitometer (Imaging Research Inc., Ontario, Can- of a control IL-2Ra peptide (sc-664P), which was used
to preadsorb the antiserum in parallel control experi-ada), as described elsewhere (Dollard et al., 1995; Gel-
bard et al., 1995). Data were expressed as the mean ments. In addition, staining of cultured human PBMC
with the anti-CD25 antibody produced a similar patternnumber of positive nuclei per microscopic field { the
standard error of the mean. Tests of statistical signifi- of cytoplasmic immunoreactivity.
A second marker of immune activation was also ana-cance between sample groups were determined by
paired t tests. lysed —nuclear translocation (activation) of the RelA
subunit of NFkB. Briefly, NFkB is an inducible transcrip-Biochemical assays of apoptosis included agarose gel
electrophoresis of total cellular DNA, as well as an ELISA tion factor which is regulated in response to cellular stim-
ulation, including mitogen- and CD28-mediated T cellassay to measure DNA fragmentation. The former was
performed using the method of Wyllie and colleagues activation (Baeuerle and Henkel, 1994; Ghosh et al.,
1993). NFkB is regulated mainly at the posttranslational(Wyllie et al., 1984) with slight modifications. Fresh-frozen
tissues (250 mg) were homogenized in a Dounce homog- level, through selective nuclear import of NFkB subunits,
which can occur only after the proteolytic degradation ofenizer in isotonic buffer (PBS, pH 7.4, 10 mM EDTA), and
the homogenates were centrifuged at 13,000 g for 15 an inhibitory molecule, IkB. Thus, nuclear translocation
of NFkB subunits such as RelA provides an indication ofmin. Supernatants were deproteinized by treatment with
proteinase K (40 mg) for 30 min at 377 and then extracted the activation status of this transcription factor. The RelA-
specific antiserum which was used in these experimentstwice with phenol/chloroform/isoamyl alcohol (25:24:1)
and once with chloroform/isoamyl alcohol (24:1). The su- was provided by Dr. Nancy Rice (antiserum 1226; Rice
and Ernst, 1993) and was used in our previously pub-pernatants were then treated with RNase A (20 mg) for
15 min at 377 and DNA was precipitated at 0207 with lished studies of NFkB activation in brain tissues from
children with HIV-1 encephalitis (Dollard et al., 1995).0.3 M sodium acetate and 100% ethanol. The precipitates
were resuspended in TE buffer (10 mM Tris, 1 mM EDTA, This polyclonal antiserum was raised against a peptide
corresponding to amino acids 537– 550 at the C-terminuspH 7.4), and equivalent amounts of each sample were
subjected to electrophoresis through 1.8% agarose, fol- of RelA. These amino acids are conserved in both human
and murine RelA, and this antiserum was shown to yieldlowed by visualization with ethidium bromide staining.
The DNA fragmentation ELISA assay was performed an indistinguishable pattern of immunoreactivity on both
human and simian tissue sections.according to the manufacturer’s instructions (Cell Death
Detection ELISA assay; Boehringer-Mannheim, Indianap- Visualization of positively stained cells was acheived
via the avidin– biotin complex (ABC) method (Vectorolis, IN). Cytoplasmic extracts were prepared in an iso-
tonic buffer (PBS, pH 7.4, 10 mM EDTA) from fresh frozen Labs., Burlingame, CA) using an peroxidase-avidin conju-
gate with DAB as the chromagen (Vector Labs.; per-postmortem tissue specimens (250 mg total) using a
Dounce homogenizer (Leist et al., 1994). Serially diluted formed either with Ni//-enhancement (dark brown/black
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stain for RelA, and counterstained with eosin) or without
enhancement (light brown stain for cytoplasmic CD25
and the CD3 and HAM-56 antigens, and counterstained
with hemotoxylin), as described elsewhere (Dollard et
al., 1995).
For detection of SIV antigens, tissue sections from
virus-negative or SIVsmmPBj14-infected pigtailed macaques
were stained with a mouse monoclonal antibody directed
against a cytoplasmic SIV-specific antigen (anti-SIVmac251
gp41, clone KK41; NIH AIDS Research and Reference
Reagent Program, Rockville, MD) (Kent et al., 1992). Posi-
tively stained cells were then visualized by the ABC
method using a peroxidase– avidin conjugate with DAB
alone as the chromagen (light brown stain for cyto-
plasmic SIV antigen), and hemotoxylin counterstain. In
addition, dual staining experiments were also conducted,
in which tissue sections were subjected to TUNEL meth-
odology (as described above) and staining for SIV-spe-
cific antigen (anti-SIVmac251 gp41, clone KK41). In these
experiments, SIV antigen-positive cells were visualized
by the ABC method using an alkaline phosphatase – avi-
din conjugate (Vector Labs) with New Fuchsin (DAKO)
as the chromagen. This red (cytoplasmic) chromagen
was found to provide the optimal constrast to the black
(nuclear) stain produced by the TUNEL reaction.
Finally, quantitation of SIV antigen-positive cells and
RelA-immunoreactive cells, and morphometric analysis
of lymph nodes, was performed using an MCID densi-
tometer (Dollard et al., 1995; Gelbard et al., 1995), while
quantitation of CD25 immunoreactive cells was carried
out by blinded inspection of microscope fields.
FIG. 1. DNA fragmentation in tissues from macaques that died follow-RESULTS ing acute infection with SIVsmmPBj14 and comparison to tissues from
a control SIV-seronegative macaque. SI, small intestine; PP, Peyer’sBiochemical analyses of apoptosis in acute
patches; MLN, ALN, mesenteric, axillary lymph nodes; COL, colon; SPL,SIVsmmPBj14 infection spleen. Numbers, size markers (kb).
The degree of apoptosis in postmortem tissues from
adult pigtailed macaques that died of acute SIVsmmPBj14
nucleolytic DNA fragmentation (apoptosis) occurred atinfection was analyzed and compared to that found in
the highest level in tissues from the gut mucosa ofmatched tissues from SIV-seronegative pigtailed ma-
SIVsmmPBj14-infected animals (YN91-112: SI, small intes-caques, as well as that in rhesus macaques which were
tine, PP: Peyer’s patches; YN91-113: SI, small intestine).sacrificed shortly after infection with the nonacutely le-
Apoptosis was less pronounced in other lymphoid tis-thal and less enteropathic SIV strain, SIVmac239 (Table
sues from virus-infected animals, including mesenteric1). Initial experiments utilized two different biochemical
and axillary lymph nodes (MLN, ALN) and spleen (SPL),assays to analyze the extent of DNA fragmentation in
and present at much lower levels in the SIV-seronegativefresh-frozen tissue samples that were available from
control animal. Thus, the extent of apoptosis (as mea-three of the animals in this study—YN91-112 and YN91-
sured by this semiquantitative method) appeared to cor-113 (SIV-positive) and YN95-15 (SIV-negative) (Table 1).
relate well with the degree of virally induced pathologyThe first method employed was DNA ladder analysis.
in a given tissue, since the gastrointestinal mucosa isThis allows one to examine the extent of DNA fragmenta-
perhaps the most severely damaged tissue in SIVsmmPBj14-tion (laddering) in a semiquantitative fashion, by agarose
infected macaques (Fultz and Zack, 1994; Lewis et al.,gel electrophoresis and ethidium bromide staining of ge-
1992).nomic DNA samples (Kerr et al., 1972). The results of
Since DNA laddering does not provide a quantitativethis analysis are presented in Fig. 1 (note that equivalent
measurement of apoptosis, we also analyzed the extentamounts of genomic DNA were loaded in all lanes). The
DNA laddering patterns detected clearly show that endo- of apoptosis in frozen necropsy samples from the small
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stained tissue sections are shown in Fig. 3 and illustrate
that there was an increase in the number of cells with
apoptotic nuclei in Peyer’s patches from pigtailed ma-
caques that were acutely infected with SIVsmmPBj14 (Fig.
3A), relative to the same tissues from SIV-seronegative
pigtailed macaques (Fig. 3B). These findings were con-
firmed by quantitative analysis of TUNEL-stained sec-
tions (Fig. 4), which showed that the number of apoptoticFIG. 2. ELISA assay of DNA fragmentation in small intestine from
SIVsmmPBj14-infected macaques and in small intestine from an SIV-sero- nuclei detected in Peyer’s patches from SIVsmmPBj14-in-
negative macaque. DNA fragmentation (OD405) is expressed as a per- fected pigtailed macaques was greatly elevated (approxi-
centage of control (SIV negative SI tissue, defined as 100%). Bars, mately fivefold higher), relative to that detected in SIV-standard error of means; *statistically significant difference compared
seronegative pigtailed macaques (P  0.00001). Into SIV negative tissue (P  0.00001).
contrast, there was only a modest and statistically insig-
nificant (P  0.01) difference in the numbers of apoptotic
intestine using a more quantitative technique: the Cell cells in Peyer’s patches from rhesus macaques with
Death Detection ELISA method (Leist et al., 1994). Briefly, acute SIVmac239-infection, relative to SIV-seronegative rhe-
this technique utilizes a histone-specific monoclonal an- sus macaques (Fig. 4). These data are consistent with
tibody to capture oligonucleosomal DNA fragments pres- those presented in Figs. 1 and 2, and show that apoptosis
ent in tissue extracts, which are then detected using is extensive in lymphoid tissues associated with the gut
a peroxidase-conjugated anti-DNA monoclonal antibody, mucosa (i.e., Peyer’s patches) during acute SIVsmmPBj14
and quantitated spectrophotometrically. The results of infection, but not during acute SIVmac239 infection, which
this experiment are presented in Fig. 2. The data confirm is not associated with lethal enteropathy.
the results of the DNA laddering analysis and show that
Apoptosis occurs predominantly in ‘‘bystander’’ Tthe amount of fragmented DNA per unit of protein in the
cellssmall intestine of animals that died as a result of acute
SIVsmmPBj14 infection is increased by between five- and In the SIVsmmPBj14-infected pigtailed macaques, apoptosiseightfold, relative to the SIV-seronegative control.
was more prominent in the cortical and paracortical regions
than in other compartments of Peyer’s patches (i.e., the
In situ evaluation of apoptosis germinal centers and sinuses), and most of the cells under-
going apoptosis were identified as T lymphocytes, by immu-
In light of the apparent correlation between acute
nostaining with an anti-CD3 polyclonal antibody (data not
SIVsmmPBj14 infection and apoptosis, particularly within in- shown). However, it remained uncertain as to whether these
testinal tissue, a more extensive survey was performed,
apoptotic T cells were SIV-infected or SIV-negative. To re-
using formalin-fixed, paraffin-embedded, gut-associated
solve this issue, immunohistochemical localization of SIV
lymphoid tissues that were available from a total of seven
antigen-positive cells was performed on sections that had
SIVsmmPBj14-infected pigtailed macaques and five SIV-se- first been stained using the TUNEL method. Representative
ronegative animals, as well as from seven rhesus ma-
results from these double staining experiments are shown
caques, including four that had been sacrificed shortly
in Fig. 5, which shows that the majority of apoptotic cells
after infection with SIVmac239 (see Table 1). For these ex- in intestinal lymphoid tissue from macaques with acute
periments, the TUNEL immunostaining method was used SIVsmmPBj14 infection are negative for SIV antigens (Fig. 5A).to detect apoptotic nuclei (i.e., nuclei containing a large The data in Fig. 5 also show that the absolute number of
number of DNA molecules with free 3*-ends). This apoptotic cells significantly exceeded the number of SIV
method has been extensively utilized for the detection
antigen-positive cells in these tissues. This observation was
and quantitation of apoptotic cells in situ (Finkel et al.,
also borne out by a quantitative analysis of SIV antigen-
1995; Gavrieli et al., 1992; Muro-Cacho et al., 1995), in-
positive cells (not shown), confirming that apoptosis occurs
cluding our own studies of neuronal apoptosis in pediat-
mainly in virus-negative bystander cells.
ric AIDS (Gelbard et al., 1995), and it has the advantage
that, unlike the other assay methods applied here, it is Apoptosis is correlated with immune activation
compatible with the use of formalin-fixed archival tissue
samples. The high level of apoptosis in intestinal lymphoid tis-
sues from SIVsmmPBj14-infected macaques, and the factWe therefore used the TUNEL method to examine the
extent of apoptosis in a panel of archival tissue samples that it is restricted predominantly to bystander cells, sug-
gests that viral induction of apoptosis must result fromfrom SIVsmmPBj14-infected pigtailed macaques, as well as
tissues from SIV-seronegative pigtailed macaques and indirect mechanism(s). One possibility is that soluble vi-
ral proteins, or host-derived cytokines, may trigger T-tissues from rhesus macaques that were sacrificed soon
after infection with SIVmac239 . Representative TUNEL- cells to undergo activation-induced cell death (AICD)
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FIG. 3. Immunocytochemical localization of fragmented DNA (A, B), SIV antigens (C, D), CD25 (E, F), and RelA (G, H) within serial subadjacent
sections from gut-associated lymphoid tissue (Peyer’s patches) of SIVsmmPBj14-infected and control pigtailed macaques. Apoptotic nuclei are visualized
using the TUNEL method (dark nuclear stain (A)). SIV-antigen-positive cells (brown cytoplasmic stain (C)), CD25-positive cells (brown cytoplasmic
stain (E)), and cells containing nuclear (activated) RelA (black nuclear stain (G)) were identified by immunohistochemisty, using specific antisera
(see Materials and Methods). Tissues shown correspond to Peyer’s patches from a macaque that died as a result of acute SIVsmmPBj14 infection
(YN95-100) (A, C, E, G) or Peyer’s patches from a SIV-seronegative macaque (YN88–270) (B, D, F, H). Note the paucity of TUNEL-positive (apoptotic)
cells, absence of SIV-antigen positive cells, scarcity of CD25-positive cells, and low level of nuclear reactivity for RelA within the tissue from the
SIV-seronegative animal. Magnification 1120 (all panels).
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FIG. 5. Immunocytochemical localization of fragmented DNA and SIV antigens within gut-associated lymphoid tissue (Peyer’s patches). Apoptotic
nuclei were detected using the TUNEL method (dark nuclear stain), while SIV-antigen-positive cells (intense red cytoplasmic stain) were identified
using immunohistochemistry with a monoclonal antibody directed against SIVmac251 gp41 (see Materials and Methods). (A) Peyer’s patch from a
macaque that died as a result of acute SIVsmmPBj14 infection (YN91–112). Note the presence of large numbers of apoptotic cells (e.g., see nucleus
denoted by the open arrowhead), as well as SIV-antigen-positive cells within this field (indicated by filled arrowhead). In contrast, doubly stained
cells (SIV/, TUNEL/) are quite rare (none can be seen in this representative field). (B) Peyer’s patch from an SIV-seronegative animal (YN88– 270).
Note the absence of SIV-antigen-positive cells, and the paucity of TUNEL-positive (apoptotic) cells. Magnification 1350 (both panels).
(Critchfield et al., 1994). This hypothesis is particularly as to determine whether apoptosis was correlated with
immune activation in lymphoid tissues from SIVsmmPBj14-appealing in light of the mitogenic and immunostimula-
tory properties of SIVsmmPBj14 (Fultz, 1991; Schweibert and infected animals. First, the relationship between the num-
ber of apoptotic cells and total lymph node area wasFultz, 1994).
Additional experiments were therefore conducted, so determined, using morphometric analysis. These experi-
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FIG. 4. Quantitative analysis of apoptosis and immune activation in tissues from SIV-infected and SIV-naive macaques. The mean number of
apoptotic nuclei, CD25-positive cells, and cells with nuclear (activated) RelA per microscopic field in sections from the indicated tissues is shown
for pigtailed macaques with or without acute SIVsmmPBj14 infection (PBJ), and for rhesus macaques with or without acute SIVmac239 infection (239).
Filled bars represent tissues from SIV-infected animals, while open bars represent tissues from SIV-negative animals. Animals included in this
analysis are described in Table 1 (note that each bar represents mean data from a minimum of 3 animals). Bars, standard error of means; *statistically
significant difference compared to matched SIV negative tissue (P  0.00001).
ments revealed a strong positive correlation between the yielded unsatisfactory results. Hence, we conducted
these experiments using tissue sections that were sub-extent of apoptosis and the total area of the lymph node
in SIVsmmPBj14-infected pigtailed macaques (P 0.05; r  adjacent to those used for TUNEL staining. Tissue sec-
tions were reacted with rabbit polyclonal antisera di-0.714; data not shown). Two further sets of experiments
were then conducted in order to confirm the association rected against either (i) RelA or (ii) the T-cell activation
marker, CD25 (IL2Ra). The number of CD25-immunore-between immune activation and apoptosis. In these stud-
ies, we initially attempted to perform combined staining active cells were then quantitated, as was the number
of cells which contained nuclear (activated) RelA (seeof single sections with TUNEL reagent plus either anti-
CD25, anti-RelA, or anti-HLA DR. However, this approach Materials and Methods).
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The results of representative immunostaining experi- ficed at early time points after infection with SIVmac239 . In
ments using the CD25-specific antiserum (Figs. 3E and fact, apoptosis occured at such a high level that oligo-
3F) and the RelA-specific antiserum (Figs. 3G and 3H) are nucleosomal DNA ladders were readily apparent upon
presented. The data show that the overall extent of immune ethidium bromide staining of DNA isolated from intestinal
activation within gut-associated lymphoid tissue was tissues of SIVsmmPBj14-infected macaques, without the
greatly elevated in SIVsmmPBj14-infected macaques, relative need for Southern blot hybridization to increase signal
to SIV-seronegative animals, as assessed by the number intensity. These data confirm and extend previous obser-
of cells expressing cytoplasmic CD25 or containing nuclear vations that apoptosis is increased in lymphoid tissues
RelA. These findings were confirmed by more rigorous during chronic HIV and SIV infection (Finkel et al., 1995;
quantitative analyses of a panel of tissue sections from Muro-Cacho et al., 1995). Furthermore, the level of
SIVsmmPBj14-infected and SIV-seronegative pigtailed ma- apoptosis in SIVsmmPBj14-infected pigtailed macaques was
caques, and matched tissues from SIVmac239-infected and found to be maximal in the gastrointestinal mucosa
SIV-seronegative rhesus macaques (Fig. 4). The data show, (small intestine) and its associated lymphoid tissue
that in the tissues analyzed (Peyer’s patch, peripheral lymph (Peyer’s patches), and less pronounced in other lymphoid
node, and spleen), increased immune activation was corre- organs such as spleen and regional lymph nodes (Figs.
lated with increased apoptosis. Specifically, in Peyer’s 1 and 4). Thus, the degree of apoptosis in host tissues
patches from SIVsmmPBj14-infected pigtailed macaques was found to be well correlated with SIVsmmPBj14-induced
(where apoptosis was elevated almost fivefold, relative to T-cell hyperplasia (Fultz and Zack, 1994).
matched tissues from SIV-negative animals), immune acti- Previous studies have shown that the acute-phase of
vation was also dramatically increased, as measured by both HIV and SIV infection is associated with rapid virus
either the number of CD25-positive cells (approx. 3-fold rise replication and dissemination (Clark et al., 1991; Daar et
during acute SIVsmmPBj14 infection; P  0.00001) or by the al., 1991; Henrard et al., 1995; Lackner et al., 1994; Rei-
number of cells with nuclear RelA (approx. 2.5-fold rise mann et al., 1994). This raises the question as to whether
during acute SIVsmmPBj14 infection; P  0.00001). In contrast, virally induced apoptosis might be a direct result of virus
the extent of apoptosis and immune activation were much infection or whether it might be triggered through an
lower in other tissues from SIVsmmPBj14-infected pigtailed indirect mechanism. Since most apoptotic cells were
macaques or in tissues from rhesus macaques with acute found to be negative for SIV antigens in double staining
SIVmac239 infection (including Peyer’s patch specimens). experiments (Fig. 5), we conclude that the majority of
the apoptotic cells within intestinal lymphoid tissue from
DISCUSSION acutely SIVsmmPBj14-infected pigtailed macaques corre-
spond to virus-negative ‘‘bystander’’ cells. This observa-Recent studies have implicated the early phase of len-
tion supports previous findings which have shown thattivirus infection as being crucial to the subsequent pro-
the majority of apoptotic cells in tissues from personsgression of immunodeficiency disease. In particular, sus-
with chronic HIV-1 infection are negative for viral anti-tained high initial virus titers are correlated with more
gens (Bofill et al., 1995; Finkel et al., 1995; Muro-Cachosevere primary infection, and faster progression to AIDS
et al., 1995). It therefore seems likely that an indirect(Baba et al., 1995; Cossarizza et al., 1995; De Rossi et
mechanism must be responsible for causing pro-al., 1996; Hogervorst et al., 1995; Mellors et al., 1995).
grammed cell death during both acute SIVsmmPBj14 infec-These observations reinforce the need for a better under-
tion and chronic HIV infection; it is possible that this maystanding of the pathogenesis of acute infection by pri-
be the result of several factors, including the productionmate lentiviruses. In an effort to elucidate the pathogenic
of secreted, toxic viral gene products (Li et al., 1995;mechanisms at work during acute SIVsmmPBj14-infection of
Westendorp et al., 1995), as well as immune activationpigtailed macaques, we analyzed the extent of apoptosis
and release of proinflammatory cytokines and effectorin tissues from virally infected animals as well as in
molecules (Badley et al., 1996; Zheng et al., 1995).tissues from SIV-seronegative pigtailed macaques, and
The putative link between immune activation andin tissues from rhesus macaques that were acutely in-
apoptosis in acute SIVsmmPBj14 infection is consistent withfected by SIVmac239 , which does not induce acute lethal
the data presented in Fig. 4, which convincingly showenteropathy. Several different assay methods were em-
that apoptosis was most extensive in Peyer’s patchesployed, including biochemical methods (DNA laddering
(intestinal lymphoid tissue) from macaques with acuteand ELISA techniques, Figs. 1 and 2), as well as an in
SIVsmmPBj14-infection. This tissue was also the site of in-situ staining method (TUNEL analysis, Figs. 3 thru 5).
tense immune activation, as measured either by the num-The results of all three assays were consistent, in that
ber of CD25-positive cells or by the number of cells thatthe extent of apoptosis was found to be dramatically
contained nuclear (activated) RelA. In contrast, levels ofincreased in intestinal lymphoid tissues from macaques
immune activation and apoptosis were much lower inthat died from acute SIVsmmPBj14 infection, relative to SIV-
seronegative macaques or to macaques that were sacri- intestinal lymphoid tissue from macaques with acute
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by human immunodeficiency virus in human macrophages mediatesSIVmac239-infection, which is not characterized by severe
apoptosis of uninfected T lymphocytes. J. Virol. 70, 199–206.enteropathy.
Baeuerle, P. A., and Henkel, T. (1994). Function and activation of NF-
Taken together, these observations support the hy- kB in the immune system. Annu. Rev. Immunol. 12, 141– 179.
pothesis that immune activation may contribute to the Banda, N. K., Bernier, J., Kurahara, D. K., Kurrle, R., Haigwood, N., Sekaly,
R.-P., and Finkel, T. H. (1992). Crosslinking CD4 by human immunode-induction of apoptosis during acute SIVsmmPBj14 virus in-
ficiency virus gp120 primes T cells for activation-induced apoptosis.fection of pigtailed macaques. These data also support
J. Exp. Med. 176, 1099– 1108.previously reported findings which have shown that
Birx, D., Lewis, M. G., Vahey, M., Tencer, K., Zack, P., Brown, C. R.,
acute SIVsmmPBj14 infection of pigtailed macaques is asso- Jahrling, P. B., Tosato, G., Burke, D., and Redfield, R. (1993). Associa-
ciated with immune activation (Schweibert and Fultz, tion of interleukin-6 in the pathogenesis of acutely fatal SIVsmmPBj14
in pigtailed macaques. AIDS Res. Hum. Retroviruses 9, 1123– 1129.1994) and with an increase in the number of HLA-DR
Bofill, M., Gombert, W., Borthwick, N. J., Akbar, A. N., McLaughlin, J. E.,and IL-2 receptor-positive cells within lymphoid tissues
Lee, C. A., Johnson, M. A., Pinching, A. J., and Janossy, G. (1995).(M. Lewis, unpublished data). This ability of SIVsmmPBj14 Presence of CD3/ CD8/ Bcl-2low lymphocytes undergoing apoptosis
to provoke unusually extensive immune activation during and activated macrophages in lymph nodes of HIV-1/ patients. Am.
the acute-phase of infection may represent a mechanism J. Pathol. 146, 1542– 1555.
Bukrinsky, M. I., Stanwick, T. L., Dempsey, M. P., and Stevenson, M.by which this virus enhances its own replication and
(1991). Quiescent T lymphocytes as an inducible virus reservoir indissemination (Bukrinsky et al., 1991), while also deleting
HIV-1 infection. Science 254, 423– 427.responsive T-cells through activation-induced cell death
Chen, Y., Inobe, J.-I., Marks, R., Gonnella, P., Kuchroo, V. K., and Weiner,
(Chen et al., 1995; Critchfield et al., 1994). H. L. (1995). Peripheral deletion of antigen-reactive T cells in oral
In summary, the data presented show that acute tolerance. Nature 376, 177– 180.
Clark, S. J., Saag, M. S., Decker, W. D., Campbell-Hill, S., Roberson,SIVsmmPBj14 infection of pigtailed macaques results in ex-
H. L., Veldkamp, P. J., Kappes, J. C., Hahn, B. H., and Shaw,tensive immune activation and high levels of apoptosis,
G. M. (1991). High titers of cytopathic virus in plasma of patientsparticularly within lymphoid tissues associated with the
with symptomatic primary HIV-1 infection. N. Engl. J. Med. 324, 954–
gastrointestinal mucosa, which correspond to the major 960.
site of both virus replication and virally induced tissue Cooper, D. A., Maclean, P., Finlayson, R., Michelmore, H. M., Gold, J.,
Donovan, B., Barnes, T. G., Brooke, P., and Penny, R. (1985). Acutedamage. Future experiments will investigate the mecha-
AIDS Retrovirus infection. Definition of a clinical illness associatednism(s) which may contribute to activation-induced cell
with seroconversion. Lancet i, 537– 545.death in this paradigm, including the possible role of Fas
Corey, L. (1995). Editorial: Reducing T cell activation as a therapy for
and Fas Ligand in this process (Badley et al., 1996; De human immunodeficiency virus infection. J. Infect. Dis. 171, 521–
Maria et al., 1996). Finally, the link between immune acti- 522.
Cossarizza, A., Ortolani, C., Mussini, C., Borghi, V., Guaraldi, G., Mongi-vation and induction of apoptosis in this model system
ardo, N., Bellesia, E., Franceschini, M. G., De Rienzo, B., and Fran-provides additional support for the notion that reducing
ceschi, C. (1995). Massive activation of immune cells with an intactimmune activation may be an important approach to the
T cell repertoire in acute human immunodeficiency virus syndrome.
therapeutic management of HIV-infection (Andrieu et al., J. Virol. 172, 105– 112.
1995; Corey, 1995). Critchfield, J. M., Racke, M. K., Zuniga-Pflucker, J. C., Cannella, B., Raine,
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